Metformin is an emerging option for treating gestational diabetes (GDM). However, because metformin crosses the placenta, patients and clinicians are concerned with its long-term effect on child health.
G estational diabetes mellitus (GDM) is a common pregnancy complication, characterized by relative insulin deficiency and impaired insulin action, leading to maternal hyperglycemia. 1, 2 Worldwide, an estimated 1 in 7 births are affected by GDM. 1 While many women are able to achieve adequate glycemic control through lifestyle changes, some require pharmacologic treatment to manage this condition.
Oral hypoglycemic agents, such as metformin, have emerged as a promising option for managing GDM. 3 In randomized trials comparing maternal and infant outcomes, metformin has been shown to be an effective alternative to insulin, the historical standard treatment for GDM. [4] [5] [6] In the absence of longterm data on the safety of metformin use during pregnancy, concerns remain regarding potential development effects that may only be evident later in childhood. 7 Unlike insulin, metformin has been shown to cross the placenta, 8 causing concern that metformin may affect fetal development in ways that insulin would not. Inadequate control of GDM may also increase risk of childhood overweight/obesity and altered neurodevelopment following neonatal hypoglycemia in infancy. 9, 10 To date, most studies have examined long-term outcomes following metformin vs insulin treatment during pregnancy in offspring up to age 2 years, with a 2018 study comparing outcomes in children aged 7 and 9 years. [11] [12] [13] [14] [15] Although these studies have suggested no clinical differences in growth or neurodevelopment among offspring of women treated with metformin vs insulin for GDM, they were limited by small sample sizes and loss to follow-up from the original, randomized study population. Thus, patients and clinicians remain concerned about the long-term effects of metformin.
To address these limitations, we conducted a retrospective cohort study in a New Zealand population of treated women linked with their child's growth and developmental data at age 4 years, taken from a preschool readiness screening program provided as routine well-child care throughout New Zealand.
Methods

Study Population
This study was approved by the New Zealand Health and Disability Ethics Committee and by the University of North Carolina at Chapel Hill institutional review board. As this study was conducted using previously collected health care data, informed consent was not required. Because health services in New Zealand are funded by the government, eligible persons receive free or subsidized health services including pregnancy care and prescriptions. National collections of health information are linkable through the National Health Index. 16 Infants are registered with the National Health Index at birth. We identified a cohort of pregnancies with deliveries occurring between 2005 and 2012 using the National Maternity Collection (MAT), which provides information on primary maternity services from the first prenatal encounter through the postpartum period. Mothers and their children were linked via a unique pregnancy key. Gestational age in MAT was reported as either the duration of completed weeks between a woman's self-reported last menstrual period date and her delivery date or derived from clinical assessment. While MAT excludes pregnancies lasting fewer than 20 weeks' gestation or infants weighing less than 400 g, a small number of pregnancies with these characteristics were inadvertently included in MAT and subsequently excluded from our cohort. We excluded pregnancies if the mother was younger than 15 years or older than 45 years at delivery. Finally, we excluded pregnancies missing information on gestational age. Pharmaceutical claims data from the New Zealand Pharmaceutical Management Agency (PHARMAC) are reliably available in the Pharmaceutical Claims Data Mart from 2005 onward. To observe a 6-month history of prescription use, we restricted our cohort to pregnancies with an estimated start date of June 30, 2005, or later ( Figure) .
Women who receive a diagnosis of GDM in New Zealand are provided with a blood glucose meter for home-based glucose testing and given a prescription for test strips (Lesley MacLennan, Counties Manukau District Health Board, oral communication, March 21, 2017). Blood glucose test strips are subsidized, and claims are recorded in the Pharmaceutical Claims Data Mart. We considered a claim for blood glucose test strips to be evidence of a GDM diagnosis during pregnancy if the claim appeared after 24 weeks' gestation. If a test strip prescription was filled anytime between 6 months prepregnancy (3 months for closely spaced births) through 24 weeks' gestation, we considered this evidence of prior diabetes and excluded these pregnancies. We also excluded women with a claim for any antidiabetic prior to 24 weeks' gestation.
We examined health care history using data from hospitalizations, pharmaceutical claims, and maternity care from 6 months prior to the estimated start of pregnancy through start of the GDM screening and diagnosis window (24-28 weeks' gestation). Additional demographic characteristics were obtained through linkage to the NHI including region, ethnicity, and socioeconomic status via the New Zealand Deprivation Index. The New Zealand Deprivation Index is an index of social deprivation reported in deciles, where 1 represents the least and 10 represents the most deprived geographic areas of residence. 17 
Exposure Definition
After identifying pregnancies with GDM, we identified prescriptions filled after or just before (≤1 week) the first test strip
Key Points
Question How do long-term child growth and development outcomes differ following prenatal exposure to metformin vs insulin when used for the treatment of gestational diabetes?
Findings In this population-based cohort study, 3928 women treated with metformin or insulin for gestational diabetes in New Zealand were linked with their children's preschool health assessments. We did not observe significant differences in child weight, weight for height, or body mass index in children of insulin-treated vs metformin-treated mothers, nor did we observe differences in results from behavioral assessments.
Meaning Children of metformin-treated mothers were indistinguishable on growth and developmental assessments from those of insulin-treated mothers.
claim. For women who received both metformin and insulin, we defined combination therapy as a dispensing for both medications within 7 days of the first claim for either. We restricted our study population to pregnancies initially treated with metformin or insulin monotherapy.
The B4 School Check (B4SC) is a universal health and development screening program offered to all children in New Zealand at age 4 years as routine well-child care prior to school entry at age 5 years. 18 This includes growth surveillance involving height and weight measurement and identification of behavioral problems using the Strengths and Difficulties Questionnaire (SDQ) for parents and teachers (SDQ-P and SDQ-T, respectively). 19, 20 We linked children with B4SC results to mothers identified as initiating metformin or insulin treatment for GDM.
Growth Outcomes
We used height and weight values from the B4SC to calculate child body mass index (BMI; calculated as weight in kilograms divided by height in meters squared). 21 These values were used to estimate z scores and percentile-based outcomes for weight, height, weight for height (WFH), and BMI defined by the 2006 World Health Organization reference standards. 22 We used 85th and 97th percentiles to define overweight or obesity and extreme growth measurements respectively in children and created dichotomous outcomes for each. We also examined the proportion of children with weight, height, WFH, and BMI z scores of at least 1 or at least 2.
Strengths and Difficulties Questionnaire
The B4SC offers screening to identify children who may need help with learning and development before entering school using the SDQ, 20 which assesses the child's strengths in 5 subscales: prosocial behavior, hyperactivity, emotional symptoms, conduct, and peer problems. 20 Scores from these subscales are summed to produce a Difficulties Score ranging from 0 to 40, with higher scores indicating concern and possible need for referral. 19, 21 The cutoff for a concerning score is typically 17 for SDQ-P and 16 for SDQ-T; however, a review of the SDQ in the New Zealand population found that lower cutoffs may be more appropriate (14 for SDQ-P and 11 for SDQ-T). 23, 24 An additional prosocial behavior scale is scored so that an absence of prosocial behavior (eg, helping or sharing) receives a lower score.
Statistical Analysis
We identified potential confounders of the association between GDM treatment and child growth and development from relevant literature and with clinical insight. We included maternal age, race/ethnicity, socioeconomic status (New Zealand Deprivation Index), BMI, smoking status, history of GDM (treated and untreated), and timing of GDM diagnosis and treatment as potential confounders. Neonatal hypoglycemia and birthweight are independently associated with the outcomes examined in this study and likely causal intermediates. 10, 25, 26 We used maternity care and hospitalization data to describe these characteristics but did not adjust for them in our analyses. Multiple imputation using chained equations was used to estimate missing covariate information. 27 We reassigned extreme BMI values (less than 14 and greater than 72) to missing. We used multiple imputation with 5 imputed data sets to estimate BMI for pregnancies with missing data, including reassigned extreme values. We similarly imputed values for To control for potential confounding, we estimated propensity scores for each pregnancy, calculated as the estimated probability of treatment with metformin based on measured covariates using logistic regression. We used these values to estimate inverse probability of treatment weights (IPTW), calculated as the inverse of the probability of receiving the treatment actually received. We assessed balance of covariates preweighting and postweighting by calculating standardized mean differences for individual covariates for comparison and defined balance as standardized mean difference of 0.05 or less.
For continuous outcomes (eg, weight z scores), we used linear regression to compare mean differences in outcomes between children of metformin-treated and insulin-treated pregnancies. Log-binomial regression was used to estimate risk ratios and 95% confidence intervals for binary outcomes (eg, weight greater than the 97th percentile for age). Because some women contributed multiple pregnancies, we used generalized estimating equations with an independent working correlation structure for repeated measures to control for within-woman correlations. 28 We also included geographic region as a covariate in outcome models. We estimated propensity score and outcome models stratified by child sex to explore potential sex differences. 29 We performed a sensitivity analysis restricted to mothers who 
Results
We identified 501 672 deliveries in New Zealand and recorded in MAT between 2005 and 2012 ( Figure) . Of 8953 pregnancies identified with GDM, 4318 (48.2%) initiated a prescription for metformin or insulin after or shortly prior to obtaining diabetic test strips. We excluded 386 pregnancies in which metformin and insulin were initiated concomitantly. The final cohort included 1996 pregnancies initially treated with metformin and 1932 pregnancies initially treated with insulin. Among metformin initiators, 417 (20.9%) subsequently filled a prescription for insulin. Conversely, 22 (1.1%) of insulin initiators later received metformin. Overall, women treated with either metformin or insulin were similar with respect to age, BMI, and timing of GDM diagnosis and treatment initiation ( Table 1) . However, we observed strong differences by region and delivery year. More than half of metformin use (1331 [66.7%]) was among women residing in the Northern region, including Auckland. We also observed differences in treatment initiation by ethnicity and the New Zealand Deprivation Index. After weighting, treatment groups were well balanced on measured covariates, reducing potential bias from confounding (eFigure 1 in the Supplement).
Children from both treatment groups were similar with respect to mean gestational age at birth (38.2 weeks for metformin-treated and 38.0 weeks for insulin-treated pregnancies) and mean birthweight (3362 g for metformin-treated and 3437 g for insulin-treated pregnancies). Children of women treated with metformin were less likely to have experienced neonatal hypoglycemia (273 [14%]) at birth compared with children of women treated with insulin (445 [23%]).
In adjusted models, we did not observe significant differences in child growth outcomes in the 2 groups ( Table 2) . The average weight z score for both groups was 0.7. and we observed no differences in the adjusted linear regression model (mean difference, −0.03; 95% CI, −0.13 to 0.07). Similarly, we observed no meaningful difference in WFH z scores (mean difference = -0.10, 95% CI −0.20 to 0.01). We also found no significant differences in the proportion of children with weights, heights, WFH, and BMI values at or greater than the 85th percentile and in risk of these outcomes ( Table 3) . Children of metformin-treated mothers were not significantly more likely to be at or greater than 85th percentile for weight (adjusted risk ratio [aRR], 1.04; 95% CI, 0.93-1.16) or WFH (aRR, 0.92; 95% CI, 0.83-1.02) than children of insulin-treated mothers. Effect a This estimate represents the mean difference in outcomes between metforminexposed and insulin-exposed children from linear regression models.
b IPTWs were estimated using a propensity score model containing the following covariates: maternal age, maternal ethnicity, maternal New Zealand deprivation decile score, parity, BMI prior to prescription initiation, smoking status, timing of GDM diagnosis and treatment, history of GDM, and history of GDM treatment. The IPTW adjusted model uses imputed values for parity, BMI, and smoking status. These models are also adjusted for geographic region.
c Weight was available for 3156 children (80.4%). Weight measurements were missing for 21.5% of insulin-exposed children and 17.9% of metformin-exposed children.
d z Scores and percentiles were calculated based on a World Health Organization 2006 reference standard.
e Height was available for 3154 children (80.3%). Height measurements were missing for 21.5% of insulin-exposed children and 17.9% of metformin-exposed children.
f Weight for height and BMI measurements were calculated for children with nonmissing weight and height (3154; 80.3%). Height was rounded to the nearest 0.5 for determining weight for height percentiles.
g SDQ difficulties scores were calculated by summing scores from 4 scales: emotional problems, conduct problems, hyperactivity/inattention, and peer relationship problems.
h SDQ-P values were available for 3129 children (79.7%). Scores could not be calculated for 22.3% of children exposed to insulin and 18.4% of children exposed to metformin.
i SDQ-T values were available for 1681 children (42.8%). Scores could not be calculated for 53.0% of children exposed to insulin and 61.3% of children exposed to metformin.
estimates were similar after restricting to mothers with a single medication (n = 3489) (eTable 1 in the Supplement). Children born to metformin-treated and insulin-treated mothers had similar mean SDQ-P and SDQ-T Difficulties Scores (Table 2 ). More than half of the children were missing SDQ-T scores owing to not having a completed questionnaire (756 [19.3%]), caregiver declining consent to complete the SDQ-T (838 [21.3%]), or not being enrolled in Early Childhood Education (653 [16.6%]). Approximately 3129 (80%) had a completed SDQ-P. On average, children with missing SDQ-T results had higher SDQ-P difficulties scores (mean, 7.0) compared with those with results from both questionnaires (mean, 6.3). We observed no meaningful difference in adjusted mean SDQ-P (mean difference, 0.12; 95% CI, −0.27 to 0.51) or SDQ-T difficulties scores (mean difference, 0.25, 95% CI, −0.24 to 0.74). After weighting, children born to metformin-treated women were not at significantly increased risk of having a concerning SDQ-P (aRR, 1.13; 95% CI, 0.88-1.46) or SDQ-T difficulties score (aRR, 1.21; 95% CI, 0.85-1.71).
In sex-specific models, we observed differences in adjusted models for selected growth outcomes between boys and girls. Among boys, risk of having an extreme weight for height z score (≥2) was lower among those exposed to metformin compared with insulin (aRR, 0.77; 95% CI, 0.59-1.00). For girls, risk was similar in the 2 treatment groups (aRR, 1.08, 95% CI, 0.78-1.49) ( Table 4 ; eFigure 2 in the Supplement). The risk of having a concerning SDQ-P difficulties score was not significantly different between treatment groups in either boys or girls (aRR for girls, 0.98; 95% CI, 0.61-1.56; aRR for boys, 1.20; 95% CI, 0.89-1.63) ( Table 4) .
Among 1598 mothers with laboratory results available from the Northern District Health Boards, we observed and excluded 8 pregnancies (0.5%) with hemoglobin A 1c values indicative of preexisting diabetes and 145 pregnancies (9.1%) missing values for fasting or 2-hour glucose tolerance tests used for GDM diagnosis, resulting in a sample size of 1445 children born to women treated with metformin (n = 1053) or insulin (n = 392). In this subgroup, mothers initiating insulin had higher a IPTWs were estimated using a propensity score model containing the following covariates: maternal age, maternal ethnicity, maternal New Zealand deprivation decile score, parity, BMI prior to prescription initiation, smoking status, timing of GDM diagnosis and treatment, history of GDM, and history of GDM treatment. The IPTW adjusted model uses imputed values for parity, BMI, and smoking status. These models are also adjusted for geographic region.
b Weight was available for 3156 children (80.4%). Weight measurements were missing for 21.5% of insulin-exposed children and 17.9% of metformin-exposed children.
c z Scores and percentiles were calculated based on a World Health Organization 2006 reference standard for children aged 0 to 5 years. One child was measured at 62 months and excluded from these calculations.
d Height was available for 3154 children (80.3%). Height measurements were missing for 21.5% of insulin-exposed children and 17.9% of metformin-exposed children.
e Weight for height and BMI measurements were calculated for children with nonmissing weight and height (n = 3154; 80.3%). Height was rounded to the nearest 0.5 for determining weight for height percentiles.
f SDQ-P Difficulties Scores were calculated by summing scores from 4 scales: emotional problems, conduct problems, hyperactivity/inattention, and peer relationship problems. The SDQ-P values were available for 3129 children (79.7%). The SDQ-P difficulties score could not be calculated for 22.3% of children exposed to insulin and 18.4% of children exposed to metformin.
g SDQ-T difficulties scores were calculated by summing scores from 4 scales: emotional problems, conduct problems, hyperactivity/inattention, and peer relationship problems. The SDQ-T values were available for 1681 children (42.8%). The SDQ-T difficulties score could not be calculated for 53.0% of children exposed to insulin and 61.3% of children exposed to metformin. . After controlling for differences in diagnostic results, effect estimates were largely unchanged from crude results in this population. Consistent with the overall cohort, we observed no meaningful difference in risk of having a WFH (aRR, 0.93; 95% CI, 0.75-1.14) or BMI (aRR, 0.91; 95% CI, 0.74-1.12) at or greater than the 85th percentile among children exposed to metformin compared with insulin, but this was not significant (eTable 2 in the Supplement). While we observed a mean of higher SDQ-T difficulties scores among children exposed to metformin vs insulin, more than 70% of children were missing this assessment.
Association of Long-term Child Growth With Metformin vs Insulin Treatment for Gestational Diabetes
Discussion
In a population-based cohort of children born to women treated with metformin or insulin for GDM in New Zealand, we did not observe meaningful differences in child growth outcomes at age 4 years. Children whose mothers were treated initially with metformin vs insulin to treat GDM were similar with respect to weight, WFH, and BMI, and we did not observe statistically or clinically significant differences in growth outcomes after adjusting for measured covariates. We observed variation in estimates by child sex; however, we did not conduct formal tests to determine whether these differences were statistically significant. In mouse models of prenatal exposure to Abbreviations: BMI, body mass index (calculated as weight in kilograms divided by height in meters squared); IPTW, inverse probability of treatment weight; SDQ-P, Strengths and Difficulties Questionnaire for Parents; SDQ-T, Strengths and Difficulties Questionnaire for Teachers.
a IPTWs were estimated using sex-specific propensity score models containing the following covariates: maternal age, maternal ethnicity, maternal NZ deprivation decile score, parity, BMI prior to prescription initiation, smoking status, timing of GDM diagnosis and treatment, history of GDM, and history of GDM treatment. The IPTW-adjusted model uses imputed values for parity, BMI, and smoking status. These models are also adjusted for geographic region.
b Weight was available for 3156 children (80.4%). Weight measurements were missing for 21.5% of insulin-exposed children and 17.9% of metforminexposed children. e Weight for height and BMI measurements were calculated for children with nonmissing weight and height (n = 3154, 80.3%). Height was rounded to the nearest 0.5 for determining weight for height percentiles.
f SDQ difficulties scores were calculated by summing scores from 4 scales: emotional problems, conduct problems, hyperactivity/inattention, and peer relationship problems.
g SDQ-P values were available for 3129 children (79.7%) (79.6% of boys and 79.7% of girls). The SDQ-P Difficulties Score could not be calculated for 22.3% of children exposed to insulin and 18.4% of children exposed to metformin.
h SDQ-T values were available for 1681 children (42.8%) (41.8% of boys and 44.0% of girls). The SDQ-T difficulties score could not be calculated for 53.0% of children exposed to insulin and 61.3% of children exposed to metformin.
metformin, researchers observed a more prominent protective effect for metabolic outcomes among female offspring, 30 although this is not consistently observed in humans. 31 Further research on sex-specific effects is needed. Mean SDQ-P and SDQ-T difficulties and prosocial behavior scores were similar between the 2 groups. Metformin-exposed children were not statistically at greater risk of having a concerning SDQ-P or SDQ-T difficulties score; however, the confidence intervals were wide and could not exclude potentially increased risk associated with metformin vs insulin treatment.
Our findings are consistent with prior studies focused on child health outcomes at younger ages. A follow-up study of offspring born to women enrolled in the Metformin in Gestational Diabetes trial 12 (N = 323) found that children who had been prenatally exposed to metformin did not differ from children exposed to insulin with regard to weight, height, or abdominal fat at age 2 years. 12 Results published in 2018 from this trial's follow-up at age 7 years (n = 109) and age 9 year (n = 99) showed no differences in body fat or metabolic measures between children exposed to metformin compared with those exposed to insulin. 15 At age 9 years, children exposed to metformin were consistently larger than those exposed to insulin, although these estimates are imprecise due to a substantially reduced sample size. At 18 months after randomization, Ijäs et al 11 reported increased risks of having a height or weight at or greater than the 95th percentile for metforminexposed children, but the sample was similarly small (n = 93), making it impossible to rule out a large range of possible effect sizes. Previous follow-up studies have also found no differences between children born to mothers treated with metformin vs insulin with respect to neurodevelopmental outcomes and were similarly limited by small samples.
11,13,14
Limitations
This study had some limitations, primarily stemming from missing data. Outcome measurements were missing for approximately 20% of children. More than half the cohort was missing teacher-reported SDQ results. Parent-reported SDQ results differed between children with and without recorded SDQ-T results. In the New Zealand Children with Hypoglycaemia and Their Later Development (CHYLD) study, researchers compared SDQ-P difficulties scores from the study's assessments with B4SC results and found higher SDQ-P difficulties scores among enrolled children without a complete B4SC, 32 suggesting that children who do not complete the B4SC may differ meaningfully from those who do. We were also missing covariate data for some mothers (BMI, smoking status, and parity).
Using a state-of-the-art approach to missing covariate data, multiple imputation, we augmented these data but did not impute outcomes. We were limited to follow-up at age 4 years, and differences in child growth may not fully appear until late childhood. 33, 34 However, GDM has been associated with increased risk of overweight in children at age 3 years. 9 Despite missing data, our study was able to examine outcomes in more than 3000 children, resulting in more precise estimates to reduce uncertainty surrounding metformin's effect on child development when used to treat GDM. It is possible that there may be residual confounding related to disease severity owing to the observational nature of this study. However, the mothers included in this study were similar with respect to important indicators of GDM severity such as BMI and timing of diagnosis. The new-user, active comparator study design helped reduce residual and unmeasured confounding by including exclusively women with the indication for treatment and comparing 2 likely first-line therapies.
35 This is a major strength of our methods. Finally, our subgroup analysis adjusting for diagnostic laboratory results for GDM did not change our conclusions.
Conclusions
To our knowledge, this study is the largest to examine longterm outcomes in a real-world setting in children born to women treated with metformin vs insulin for GDM. We observed no meaningful differences in growth or behavioral and emotional development between treatment groups. This will provide clinicians and patients with important information concerning long-term outcomes following treatment with metformin vs insulin when making treatment decisions. a Inverse probability of treatment weights (IPTW) were estimated using a propensity score model containing the following covariates: maternal age, maternal ethnicity, maternal NZ deprivation decile score, parity, BMI prior to prescription initiation, smoking status, timing of GDM diagnosis and treatment, history of GDM and history of GDM treatment. The IPTW adjusted model uses imputed values for parity, BMI, and smoking status. These models are also adjusted for geographic region. a Inverse probability of treatment weights (IPTW) were estimated using propensity score models containing the following covariates: maternal age, maternal ethnicity, maternal NZ deprivation decile score, parity, BMI prior to prescription initiation, smoking status, timing of GDM diagnosis and treatment, history of GDM and history of GDM treatment. The IPTW adjusted model uses imputed values for parity, BMI, and smoking status. Models with laboratory values include fasting or two-hour glucose diagnostic test results. Weight and height measurements were available for 1,134 children (78.5%). Weight measurements were missing for 27.6% of insulin-exposed children and 19.3% of metformin exposed children. c Z-scores and percentiles were calculated based on a WHO 2006 reference standard. d Weight for length and BMI measurements were calculated for children with non-missing weight and height. Height was rounded to the nearest 0.5 for determining weight-for-length percentiles
